TTIE PROGNOSIS and indications for treatment in children with ventricular septal defects are dependent on three fundamental factors: the size of the defect, the amount of blood flowing through it, and the response of the pulmonary vasculature to the increased blood flow. The electrocardiogram has proved a useful tool in estimating the severity of these factors by giving some indication of the dynamics in any individual case. To assess this in detail, we have studied 119 cases of isolated ventricular septal defects with intracardiac catheterization and electrocardiogram, oximetry, and fluoroscopic and physical examination. They all had repeated electrocardiograms over months or years, and in a number of cases the cardiac catheterizations were repeated. The 12 commonly used electrocardiographic leads were obtained, including precordial leads Van to V6. In many instances, additional leads to right or left were also recorded.
Since this study was begun, several articles have appeared in the literature on the electrocardiogram in ventricular septal defect.1 '11 There is general agreement on the presence of various patterns of systolic and diastolic loading, but the incidence of these patterns and their significance for the dynamics of the heart have met with a difference of opinion. We have therefore presented our own criteria, primarily in the identification of right and left ventricular loading. At the end of the study additional criteria have been set down to aid in the recognition of the hemodynamics of the pulmonary circulation in an infant or child with a ventricular septal defect.
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Circulation, Volume XXIII, February 1961 Criteria for Identification of Ventricular Loading Patterns The electrocardiograms taken at the time of cardiac catheterization were reviewed and divided into four patterns, normal, left ventricular loading combined ventricular loading, and right ventricular loading, according to the criteria in table 1 .
It was decided not to use the axis as a criterion for rigyht or left ventricular loading in this study, but to note how the axis related to other criteria. Notching of the P wave and late inversion in V1 with broadening of the P wave will be referred to in the discussion as will the counterclockwise vector.
Results A general summary of our findings is shown in table 2, which reveals that normal electrocardiographic patterns appeared in 14 per cent of the cases, left ventricular loading in 11 per cent, combined ventricular loading in 61 per cent, and right ventricular loading in 14 per cent. As might be expected, the majority of the cases fell into the group that had combined ventricular hypertrophy.
The normal pattern and the combined ventricular pattern were approximately equally divided between the cases over and under 1 year of age. The right and left ventricular loading patterns were much more commonly found after 1 year of age than under 1 year. This is to be expected, since the right ventricle is physiologically approximately equal to the left ventricle at the time of birth, and the dominance of one ventricle over the other usually requires many months or years to develop. Figure 1 Standard lead I shows broadening and slight notching of P wave. It is accompanied by late inversion of P wave in precordial lead V,.
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The height of the P waves was within normal limits. Significant notching of P in leads I or II was noted in more than one third of the cases (table 3) .
Notching and broadening were found almost entirely in groups with either left or combined loading and within these groups this sign was accompanied by a tall R or a deep Q in nearly every instance. It appeared therefore to offer good additional evidence of diastolic loading of the left atrium and left ventricle.
The axis varied from -20 to +150 in the normal group, from -20 to +90 in the left ventricular hypertrophy, from -170 to +90 in in the right ventricular group, and from -75 in a clockwise direction to -170 in the combined hypertrophy group. Only 3 cases had an axis between -30 and -90 ( fig. 2 ). All with axis less than 900 had a tall R or deep Q in V6, or deep S in V1, or notching and broadening of the P wave.
As would be expected, the direction of the vector followed the direction of the axis as a general rule. The height of the T wave in V6 was somewhat elevated in 5 per cent of cases (over 4 mm. under 1 year, over 5 mm. over 1 year).
In the children over 1 year of age the average height of the T wave in V6 was essentially the same in all 4 groups, averaging 3.1 mm. in the normal, 2.1 in those with left hypertrophy, 3.0 in those with combined hypertrophy, and 3.0 in those with right ventricular hypertrophy. The T wave tended to be slightly lower in the children under 1 year of age, averaging in the normal 2.3 mm., in the left hypertrophy group 3.1, the combined hypertrophy group 1.7, and the right ventricular hypertrophy group 1.7 . The height of the T wave in V6 did not significantly aid in defining diastolic loading of the left ventricle (table 5) .
DuShane et al. 12 have paid a good deal of attention to the height and peaking of the T wave in leads II, III, or aVF. They have stated that a tall peaked T wave in these leads is indication of a sufficiently low pulmonary vascular resistance to permit successful surgery on the ventricular septal defect. They do not specify how tall the T wave needs to be. In our series a T wave of 4 mm. or more included a number of cases that had markedly increased pulmonary vascular resistance and reversal of flow. This was also true of 5 min. or more. It was also true if 4 mm. or more in all 3 leads were taken as a basic criterion. The peaking appeared to be a function of the height.
Tall T waves in many cases appeared to be related to deep wide S waves, which were associated with right bundle-branch block or right ventricular loading and did not in any The electrocardiographic patterns helped considerably in separating the various groups in relation to pulmonary blood flow (table 8) . When the electrocardiogram was normal, the flow was invariably relatively low, never more than twice systemic whether the age group was over or under 1 year. When a left ventricular loading pattern was present, the flow through the pulmonary artery was usually not large but occasionally exceeded four times the systemic.
When a right ventricular loading pattern was found alone in the electrocardiogram, the pulmonary blood flow was not large, but in six cases was up to two or three times the systemic. In these cases there was no reversal of flow with exercise, while in the seven cases that had a flow of only one or two times systemic, all had reversal of flow with exercise. The greatest flows and greatest variations were found in the combined loading group. In this group more of the younger children had larger flows than the older children, as one would expect. Reversal of flow in these cases occurred almost entirely among those with a large flow and systemic pressure in the pulmonary artery. The hemodynamic findings in the group suggested that the majority were likely to respond satisfactorily to surgery.
Correlation between the Pressure in the Right Ventricle and Electrocardiogram surgery, 96 per cent showed a satisfactory drop in pressure in the pulmonary artery postoperatively. These are helpful criteria, but on reviewing our data we find that a number of important modifications are needed. These relate to the axis of QRS, the counterclockwise vector, the tall peaked T wave in leads II, III, and aVF, and P-wave abnormalities such as notching, broadening in the standard leads, and late inversion in V,.
Axis
We find the axis to have a broader and more applicable significance than was noted by DuShane's group.'2 Whenever the axis was less than 900 we found other evidence of a moderate or low pulmonary vascular resistance that would be expected to permit successful surgery. This axis occurred in approximately one half of our cases, appearing only in those that had an electrocardiographic pattern showing normal, left, or combined loading. It was not seen in those with a pure right loading configuration.
Counterclockwise Vector
As would be expected, the direction of the vector followed the direction of the axis as a rule. One third had a counterclockwise vector. and 82 per cent of these had an axis of less than 900. Thus the axis is a more useful measurement than the direction of the vector. There were, however, 7 cases that had a counterclockwise vector with an axis 900 or more. On reviewing these separately it was obvious that they had other evidence of relatively good pulmonary blood flows and would, therefore. fall into the operative group. Char anmd associates,8 studying surgically treated eases, found some correlation between the height of the T in V6 and survival rate. The prognosis was better if the T in V, was inverted, and better if the T in V6 was upright and tall. If the T in V1 was upright and the T in V6 down, the prognosis at the operation was poor, with survival of only 2 out of 10 cases.
Broad Notched P Waves
An analysis of the P wave in the eleetlocardiogram in the ventricular septal defect group is of interest, since it is associated with increased flow or pressure in the left atrium, and thus gives us another indication of pulmonary vascular resistance.
Dines and Parkin14 have reviewed P wave morphology in patients with increased left atrial pressure and left atrial enlargement. They point out that notching and broadening of the P wave in standard lead I or II is the best evidence of this pathology. Broadening of the P wave and late inversion of the P in V1, associated with broadening, are also evidence of the same pathology. In the pediatric age group a P wave over 0.09 seeond was taken as significant broadening. The broadening of the P wave is an important accompanimnent of late inversion of the P wave in preCirculation, Volume XXIII, February 1961 The electrocardiogram is simply one of the various clinical and hemodynamic technics for recognizing systolic and diastolic loading of the heart chambers and in interpreting the various degrees of physiologic and pathologic change in the pulmonary arteries. Other methods include an estimation of the pulmonary vascular resistance, pulmonary blood flow and pressure, a study of the arterial oxygen saturation, ear oximetry, or biopsy of lung tissue. The effect of acetylcholine on the pulmonary artery pressure should also be included as well as the clinical examination including a chest x-ray, murmur, thrills, pulsating hilar shadows, pulmonary second sound, systolic click, activity of right and left ventricle, and Circulation, Volume XXIII, February 1961 response to exercise. Finally, the age of the child is important.
It is obvious that all these methods provide useful information in their own way, but each has its limitations. The pulmonary vascular resistance is based on a formula involving blood flow and pressure. A variety of factors may influence these two measurements, such as the type of sedation, anxiety, crying, or activity on the part of the patient. The blood pressure may be higher earlier in cardiac catheterization and lower in the later stages. Oxygen contents of heart chambers may vary to some degree with the site of the catheter, the time during the procedure that blood was withdrawn, the systemic and pulmonary blood pressures. Thus the figures presented as pulmonary vascular resistance may be far from accurate.
Ear oximetry gives us an opportunity to study the oxygen content of arterial blood in these patients at rest, with activity, and with the administration of oxygen. Reversal of blood flow through the defect at rest or with exercise may be readily demonstrated by this method, and provides useful information on the state of the pulmonary arteries. There was no evidence of reversal of flow through the defect with exercise, in the group with normal or left ventricular systolic loading ill their electrocardiograms. A number demonstrated reversal in the combined ventricular loading group, the pulmonary vascular resistance appears not to be excessively great. The age in half this group was under 1 year. On the other hand, in the group with isolated right ventricular hypertrophy, oximetry almost invariably showed a reversal of flow with exercise, with a low flow to the lungs, and confirms the impression of high pulmonary vascular resistance. As one might expect, the age in this latter group was considerably older than the combined group, the average being 8 years, and most of them were 6 years.
Biopsy of the lung has been used occasionally to assess the pulmonary vasculature. This is a significant procedure, but the surgeon is limited to a small area (usually the lingula) in taking out a piece of lung, and while a study of such sections may permit one to place the case into one of the six categories described by Heath and Edwards,16 it has been shown oil several occasions that certain patients having some of the most advanced intimal changes in the pulmonary arteries may occasionally respond successfully to closure of the septal defect with a satisfactory drop in pressure in the pulmonary artery.
The clinical examination is most helpful, since the murmur may be fainter and shorter with pulmonary hypertension and marked increase in pulmonary vascular resistance. The thrill may be absent. The hilar shadows show less pulsation, and the heart is smaller. These observations, while most useful, may be far from decisive ill solving the problem at hland, but serve as corroborative evidence.
The resistance of the pulmonary vascular bed may be evaluated by injecting acetylcholine into the pulmonary artery." 17 Adams' found that approximately one third of a group of children with ventricular septal defects and pulmonary hypertension failed to respond to this drug, with a drop in pressure in the pulmonary artery. All those who were under 7 years of age responded, however.
Age is an important consideration in esti- The application of these criteria to the group of combined loading has been discussed previously. Most cases that have one or more of these criteria in the combined group have shown only moderately raised pulmonary vascular resistance. The cases with the least favorable criteria were those that had neither a tall R6 nor deep S in V1, nor a deep Q ill V6, but had a pulmonary/systemic flow ratio of less than 2 and an absence of notching and broadening of the P wave. There were only three under 1 year of age that fell into this category, and none of them had reversal of flow. The Q wave ill V6 varied from 1 to 3 mm. and was the only electrocardiographic evidence in favor of surgical correction.
Among those over 1 year of age in the coinbilled loading group that had no tall R. or deep S in V,, or deep Q in V6, and a flow ratio of less than 2, there were only 3 cases. One of these had notching and broadening of the P wave, one was operated on successfully, and the other had clinical signs indicative of an adequate pulmonary blood flow. None of the 3 cases had reversal of flow through the defect. Again a q wave in V6 of 1 to 3 mm. was helpful in recognizing the potentialities of a favorable result.
In summary one can conclude that in the combined loading group there was good evidence that the overwhelming majority are operable and would respond favorably to closure of the ventricular septal defect.
The group that is least likely to respond is that with pure right ventricular loading. None of these satisfied the criteria of DuShane and co-workers,12 but 2 of the 14 have already been operated on successfully. Such cases may be picked out of this group by the finding of a pulmonary/systemic blood flow ratio of more than 2, or a counterclockwise vector, or an age that is under 7 years, or an absence of reversal of flow through the defect. If one or more of such items are present, the patient may well survive corrective surgery in spite of the unfavorable electrocardiogram. If none of these items is found, the chances of cure or survival are slim indeed. 
Summary
One hundred and nineteen cases of veXitricular septal defect in infancy and childhood have been reviewed, with special refereuiee to the electrocardiogram. The chano'es ill the electrocardiogram were related to the hemodynamics found at cardiac catheterization, and particularly the pulmonary to systemic blood flow ratios, pulmonary artery pressures, and oximetry. They were also studied in relation to the groups of cases that obviously had a low pulmonary vascular resistance with or without diastolic loading of the left ventricle. Survival of a patient following closure of the defect with a drop in pulmonary artery pressure was also taken as a sign that the pulmonary vascular resistance was not excessive. The patients with clinical and hemodynamic. evidence of a high pulmonary vascular resistance were also evaluated in relation to the electrocardiogram. 
